Aims/hypothesis A role for increased activity of the innate immune system in the pathogenesis of insulin resistance is supported by a number of studies. The current study assessed the potential role of the lipopolysaccharide receptor known as Toll-like receptor-4 (TLR-4), a component of the innate immune system, in mediating lipidinduced insulin resistance in skeletal muscle. Methods The effects of TLR-4 inhibition/deletion on lipidinduced insulin resistance was determined in skeletal muscle of TLR-4 null mice in vivo and in rat L6 myotubes in vitro. Results In mice, acute hyperlipidaemia induced skeletal muscle insulin resistance, but a deletion of TLR-4 conferred significant protection against these effects. In L6 myotubes, inhibition of TLR-4 activity substantially reduced the capacity of the saturated fatty acid palmitate to induce insulin resistance. Importantly, palmitate activated the nuclear factor κB (NFκB) pathway in L6 myotubes and mouse skeletal muscle, and these effects were blocked by inhibition of TLR-4 in L6 myotubes and absence of TLR-4 in skeletal muscle. Furthermore, inhibition of the NFκB pathway downstream of TLR-4 in L6 myotubes also protected against the induction of insulin resistance by palmitate. Conclusions/interpretation Inhibition or absence of TLR-4 confers protection against the detrimental effects of lipids on skeletal muscle insulin action, and these effects are associated with a prevention of the activation of the NFκB pathway by lipids. Importantly, inhibition of the NFκB pathway in myotubes downstream of TLR-4 also protects against lipid-induced insulin resistance, suggesting a mechanism by which reduced TLR-4 activity confers beneficial effects on insulin action.
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Introduction
Insulin resistance is a characteristic feature of obesity and is a primary risk factor for the development of type 2 diabetes.
Despite intensive efforts, the pathogenesis of insulin resistance is not well understood, although a number of biochemical mechanisms have been proposed. In short, defects in insulin signalling pathways, alterations in the production and/or activity of a variety of adipokines and cytokines, and dyslipidaemia/dysregulated lipid metabolism may each, separately or in combination, contribute to the development of insulin resistance. More recently, increased activity of the innate immune system and inflammatory pathways have been suggested as important mechanisms of insulin resistance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Markers of inflammation are increased in obesity and type 2 diabetes [18] [19] [20] , and macrophage infiltration of adipose tissue occurs in insulinresistant states [4, 5, 7] . Importantly, an increase in the activity of the proinflammatory nuclear factor κB (NFκB) pathway [13, 16] or an elevation of adipose macrophage infiltration [6] induces insulin resistance, while a decrease in the activity of the NFκB pathway [1, 10, 12, 15] or inhibition of adipose macrophage infiltration [2, 3] protects against the development of insulin resistance induced by obesity and lipids. The elements of the innate immune system that may play a role in the pathogenesis of insulin resistance, the tissues targeted, and the mechanisms involved in their activation remain unclear. Toll-like receptors (TLRs) are a family of receptors whose activation plays a critical role in mediating the innate immune response in mammals by protecting against viral, fungal, protozoan and bacterial infections [21] [22] [23] [24] . Specifically, TLRs in macrophages are activated by specific conserved pathogen recognition patterns, such as lipopolysaccharide (LPS), single-stranded RNA, peptidoglycans and flagellin [25, 26] . To date, approximately 12 TLRs have been identified, each of which associates with particular ligands. Of most relevance to the current study is TLR-4, which is activated by LPS (possibly through a lauric acid moiety) [21] , and saturated fatty acids [27, 28] . A proximal target of TLR-4 activity is the NFκB pathway, which itself has been implicated as a mechanism of insulin resistance [1, 10, 12, 13, 15, 16] and is activated by lipids [8, 11, 13, 14] . Although the majority of work has focused on TLR-4 function in macrophages, this receptor is also expressed in other tissues [29, 30] , although its function in these is unclear. In a recent study, Shi et al. [17] demonstrated that an absence of TLR-4 protects against the detrimental effects of obesity and lipids on insulin resistance. However, this study emphasised the role of adipose tissue TLR-4 in these effects, and did not address the potential role of TLR-4 in skeletal muscle, the predominant insulin-sensitive tissue in the body. Based on this, the aim of the current study was to investigate the role of skeletal muscle TLR-4 in the induction of insulin resistance by lipids. The data demonstrate that (1) TLR-4 is expressed in skeletal muscle and is activated by lipids; (2) inhibition or absence of TLR-4 reduces the capacity of lipids to induce skeletal muscle insulin resistance; (3) TLR-4 mediates lipid-induced activation of the NFκB pathway in skeletal muscle; and (4) inhibition of the NFκB pathway downstream of TLR-4 protects against lipid-induced insulin resistance. Animal care and maintenance Male mice [C57/B10 ScN (TLR-4 null) and C57/B10 ScSn (wild-type)] were purchased from Jackson Laboratories (Bar Harbor, ME, USA). After arrival, mice were maintained on a constant 12 h light/12 h dark cycle with free access to water and standard chow. All the experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pittsburgh.
Methods
Materials
Implantation of chronic indwelling catheters Animals were anaesthetised with Nembutal (60-75 mg/kg). Catheters (PE-10, Intramedic; Becton Dickinson, Sparks, MD, USA) were introduced into the left carotid artery (advanced to the aortic arch) and the right jugular vein (advanced to the right atrium). The catheters were exteriorised at the back of the neck, filled with a sterile 3:1 glycerol/heparin mix and plugged. The wounds were closed with sutures and treated with Betadine (Purdue Frederick, Stamford, CT, USA). The animals were treated subcutaneously with ketoprofen (2 mg/kg) immediately and 24 h after surgery and their recovery was monitored, with special attention given to food intake, weight gain and healing of wounds. Animals were allowed 4-6 days to recover and only those that had achieved >85% of their pre-surgery weight were used in the studies. Isolated soleus muscle experimental design For experiments requiring mouse skeletal muscle, mice were anaesthetised with Nembutal and the soleus muscle was isolated from both hind limbs and immediately placed in DMEM receiving continuous oxygenation in a shaking water bath at 29°C. One muscle from each animal was exposed to either LPS or BSA/palmitate. The contralateral muscle was exposed to vehicle or BSA alone. All muscles were subsequently flash frozen in liquid nitrogen and stored at −70°C until analysis of inhibitor of κBα (IκBα) and tubulin by immunoblot. For each condition in each experiment, muscles from three animals were used. Muscles from the same condition in each experiment were pooled for analysis.
Palmitate and LPS solutions Stock palmitate solutions were prepared by conjugating palmitic acid with fatty acid-free BSA (Sigma) as previously described [13] . A stock LPS solution was prepared in sterile deionised water.
Nuclear protein extracts and EMSAs Nuclear protein extracts were prepared and EMSAs for the analysis of DNA binding of NFκB were performed as previously described [13] .
3 H]glucose uptake was determined as previously described [13] .
Tlr-4 gene expression Expression of Tlr-4 mRNA in L6 myotubes was assessed by RT-PCR. Two sets of oligonucleotides 21 bases long (Integrated DNA Technologies, Coralville, IA, USA) derived from the Rattus norvegicus Tlr-4 mRNA sequence (accession no. NM019178) were used for the PCR (set no. 1: forward 5′-GATGAAACATCAGAGGAA GAA-3′, reverse 5′-TTGCCTGAGTTGCTTAATTCA-3′; set no. 2: forward 5′-TTATTAAACATGAGTCACAAC-3′, reverse 5′-TCATTTGTTCAACATTCACCA-3′). For mice, the oligonucleotides used were derived from the Mus musculus Tlr-4 mRNA sequence (accession no. NM021297; forward 5′-AG CTACTTTACCTTGACATCT-3′, reverse 5′-GATTGTTGT GACTATTTAATA-3′).
Quantitative RT-PCR Total RNA was isolated from skeletal muscle using Tri-reagent (Molecular Research Center, Cincinnati, OH, USA) according to the manufacturer's instructions. For the quantitative real-time PCR analyses, 2.5% of the total RT reaction was used as input for PCR using SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA), or Bio-Rad iTaq SYBR Green Supermix with ROX. The relative abundance of mRNA was determined by comparative cycle threshold analysis according to Applied Biosystems User Bulletin no. 2.
Phosphatidylinositol 3-kinase activity, Akt, GLUT4 and IκBα Phosphatidylinositol 3-kinase (PI3-kinase) activity was assayed according to a standard protocol. Briefly, immunoprecipitation of active PI3-kinase was achieved by incubating 250 μg of skeletal muscle protein (derived from insulin clamp studies) with 3 μg of α-IRS-1 antibody (Upstate, New York, NY, USA) for 2 h followed by the addition of Protein A Sepharose for 1.5 h (Amersham Biosciences, Piscataway, NJ, USA). The immune complexes were incubated for 10 min at 22°C with PI (10 μg; Avanti Polar Lipids, Alabaster, AL, USA) in the presence of 50 μmol/l [γ- 32 and was quantified by scraping the PI(3)P spot from the TLC plate, followed by scintillation counting. Total Akt (Cell Signaling, Beverly, MA, USA) and phosphorylated Akt (serine-473; Cell Signaling), IκBα (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and α-tubulin (Santa Cruz Biotechnology) were measured with commercially available antibodies. The GLUT4 antibody was obtained from the National Institutes of Health (Bethesda, MD, USA). All proteins were measured using a standard immunoblot protocol. Quantification of protein levels was accomplished by densitometric analysis of autoradiographs.
Tissue and plasma measurements Tissue triacylglycerols were determined as described previously [35] using the GPO-triglyceride kit and Lintrol lipids as standard (Sigma). Plasma triacylglycerols were measured using the same kit. Insulin was measured using a rat-specific RIA kit (Linco Research, St Charles, MO, USA). Plasma glucose concentrations were determined using a glucose analyser (Glucose 2; Beckman Coulter, Fullerton, CA, USA). Student's t tests where appropriate using Microsoft Excel (Microsoft, Seattle, WA, USA). Statistical significance was assumed at a p value of <0.05. (Fig. 1a) . We next determined whether TLR-4 is functional in skeletal muscle by determining the capacity of LPS, the TLR-4 ligand [21] , to activate the NFκB pathway, the proximal target of TLR activity [22, 24, 25] . Exposure of isolated soleus muscle to LPS increased the activity of the NFκB pathway (p=0.02, Fig. 1b) , as measured by decreases in the levels of IκBα. Furthermore, the absence of TLR-4 prevented the activation of the NFκB pathway by LPS in soleus muscle (Fig. 1b) . Basal skeletal muscle IκBα levels were similar in wild-type and TLR-4 null animals (Fig. 1c) . Taken together, these data demonstrate that TLR-4 is produced and is functional in skeletal muscle.
Statistical methods
Results
TLR-4 is
An absence of TLR-4 protects against lipid-induced insulin resistance in skeletal muscle in vivo We next determined whether TLR-4 plays a role in mediating lipid-induced skeletal muscle insulin resistance in vivo. We assessed the effects of a 4 h lipid infusion on skeletal muscle glucose uptake during a hyperinsulinaemic-euglycaemic clamp in TLR-4 null and wild-type mice (Fig. 2) . A lipid infusion decreased the GIR required to maintain euglycaemia in both wild-type and TLR-4 null mice. However, the GIR was significantly elevated in TLR-4 null mice compared with wild-type mice (p<0.001, Fig. 2a) , suggesting greater insulin sensitivity in TLR-4 null mice. This was confirmed by direct measurements of skeletal muscle glucose uptake (Fig. 2b) . Thus, the capacity of insulin to stimulate muscle glucose uptake in lipid-infused TLR-4 null mice was increased ∼40% compared with lipid-infused wild-type mice (p<0.01 for lipid-infused TLR-4 null vs lipid-infused wild-type). Total GLUT4 levels were similar in wild-type and TLR-4 null mice (Fig. 3a) . However, both IRS-1-associated PI3-kinase activity (Fig. 3b) and Akt phosphorylation (Fig. 3c) were increased in TLR-4 null mice compared with wild-type mice. These improvements in insulin signalling were not correlated with alterations in skeletal muscle expression of the genes encoding the inflammatory markers IL-6 (Il6), TNF-α (Tnfa), MCP-1 (Ccl2) or CD68 (Cd68) (Fig. 4) .
Inhibition of TLR-4 function in L6 myotubes decreases palmitate-induced insulin resistance To further address the potential role and mechanisms of TLR-4-induced insulin resistance in skeletal muscle we investigated lipid-induced insulin resistance and TLR-4 function in L6 myotubes. We first determined whether Tlr-4 is expressed and the protein product is functional in L6 cells. Expression of Tlr-4 mRNA was confirmed in L6 myotubes (Fig. 5a) . Exposure of L6 myotubes to LPS increased the activity of the NFκB pathway, as measured by increased DNA binding of nuclear Wild-type and TLR-4 null mice received insulin, glucose and lipid/ heparin infusions for 240 min as described in Methods. Subsequently, animals were anaesthetised and skeletal muscle was isolated. GLUT4 (a), PI3-kinase (b), and Akt phosphorylation (c) were then measured as described in Methods. Parts b and c show the quantification of the total data sets as measured by scintillation counting of PI(3)P production (PI3-kinase) or densitometry of autoradiographs (Akt NFκB in L6 cells (Fig. 5b) . Furthermore, the LPS inhibitor polymyxin (which acts by sequestering LPS) prevented activation of the NFκB pathway by LPS (Fig 5b) . We took advantage of the observation that TLR-4 signalling is critically dependent upon the adaptor protein TIRAP (TIRAP null mice have severely impaired TLR-4 mediated activation of the NFκB pathway in response to LPS) [36, 37] to demonstrate that a cell-permeable TIP prevented LPS activation of NFκB in L6 myotubes (Fig. 5c ). We next addressed the role of TLR-4 in lipid-induced insulin resistance in L6 myotubes. A 6 h incubation of L6 myotubes with BSA-complexed palmitate substantially reduced insulin-stimulated 2-deoxyglucose uptake compared with control cells incubated in the presence of BSA alone (Fig. 6 ), without alterations in Il6 or Tnfa expression (data not shown). Importantly, in the presence of TIP, the capacity of palmitate to induce insulin resistance was substantially decreased (Fig. 6, p=0 .004 for palmitate/TIP vs palmitate). However, the reversal of insulin resistance was not complete, possibly due to the accumulation of the lipid metabolite diacylglycerol (but not ceramide), a proposed mediator of insulin resistance (data not shown). Palmitate also activated the NFκB pathway in L6 myotubes (Fig. 7a ) and soleus muscle (Fig. 7c) , and these effects were prevented by TIP, but not polymyxin, in L6 myotubes (Fig. 7b) and by TLR-4 deletion in soleus muscle (Fig. 7c) . These data suggest activation of the NFκB pathway as a mechanism of TLR-4-induced insulin resistance in L6 cells. Indeed, the IKK inhibitor ASA reduced the capacity of fatty acids to induce insulin resistance (Fig. 8 ) and prevented activation of the NFκB pathway (data not shown). Subsequently, 2-deoxyglucose (2DG) uptake was assessed in the absence or presence of 100 nmol/l insulin. a 2-deoxyglucose uptake in the absence (−) or presence (+) of insulin (Ins). b Net insulinstimulated 2-deoxyglucose uptake. This was calculated as 2-deoxyglucose uptake in the presence of insulin minus 2-deoxyglucose uptake in the absence of insulin. There were no significant differences in basal 2-deoxyglucose uptake under any of the treatment conditions tested. *Significant difference (p<0.05) between the insulin treated groups and the corresponding non-insulin treated control group. # Significant difference (p<0.05) between PAL/TIP and PAL and BSA. Results are presented as means±SE of four independent experiments performed in triplicate TLR-4 null mice on a high-fat diet have reduced adiposity and hepatic steatosis compared with wild-type controls Given the close association between hyperlipidaemia, inflammation and insulin resistance in obesity, one possibility is that activation of TLR-4 may be a mechanism that contributes to insulin resistance in obesity. To investigate this, TLR-4 null mice and wild-type controls were placed on a high-fat diet for 21 weeks. Adiposity, weight gain and hepatic steatosis were all reduced in TLR-4 null mice on a high-fat diet compared with wild-type controls fed the same diet (Table 1) . However, the degree of insulin resistance was similar in knockout and wild-type controls (Fig. 9 ). There was a small, but significant, decrease in high-fat food intake in TLR-4 null mice compared with wild-type controls [∼5%, 47.3±0.4 vs 49.8±0.4 kJ/day (11.3±0.1 vs 11.9±0.1 kcal/day), p<0.05]. This is unlikely to explain the differences in body weight gain (∼25%, 16.5±3.9 vs 21.6±2.2 g), a conclusion supported by the study of Johnson et al. [38] .
Discussion
The major goal of the current study was to assess a potential role for TLR-4, an important element of the innate immune system, in skeletal muscle insulin resistance induced by lipids and obesity. The motivation for these studies came Effects of palmitate on TLR-4-induced activation of the NFκB pathway in L6 myotubes and mouse skeletal muscle. a L6 myotubes were exposed to BSA, BSA/palmitate (PAL), or BSA/palmitate plus TIRAP inhibitor peptide (TIP) for 6 h. Subsequently, nuclear extracts were prepared and DNA binding of NFκB was determined. Note that TIP was added to cells 1 h prior to the addition of palmitate. Representative EMSAs of three independent experiments for each condition run in duplicate are shown. b L6 myotubes were exposed to BSA, BSA/palmitate (PAL), LPS, BSA/palmitate plus polymyxin, or LPS plus polymyxin for 2 h (LPS) or 6 h (palmitate). Subsequently, nuclear extracts were prepared and DNA binding of NFκB was determined. Representative EMSAs of two independent experiments run in duplicate or triplicate are shown. c Soleus muscle from wildtype (WT) or TLR-4 null mice was exposed to BSA/palmitate (PAL) for 5 h. The contralateral soleus muscle from the same animal was exposed to BSA for a similar length of time. For each condition in each experiment, muscles from three animals were used and pooled after exposures for analysis of IκBα and tubulin production by immunoblot. Representative autoradiographs are shown. Quantification of the complete data set is shown below the autoradiograph. ) Fig. 8 Effects of the IKK inhibitor acetylsalicylate on lipid-induced insulin resistance in L6 myotubes. L6 myotubes were exposed to BSA, palmitate/BSA (PAL), or palmitate/BSA plus 5 mmol/l acetylsalicylate (PAL/ASA) for 6 h. Subsequently, 2-deoxyglucose (2DG) uptake was assessed in the absence or presence of 100 nmol/l insulin. a 2-Deoxyglucose uptake in the absence (−) or presence (+) of insulin. b Net insulin-stimulated 2-deoxyglucose uptake. *Significant difference (p<0.05) between the insulin treated groups and the corresponding non-insulin treated control group.
#
Significant difference (p<0.05) between PAL/ASA and PAL. Data represent the means±SE of at least three independent experiments performed in triplicate from increasing evidence that increased activity of the innate immune system may play a role in the pathogenesis of insulin resistance. Our studies have generated a number of novel observations. We demonstrate that (1) TLR-4 is produced in skeletal muscle and is activated by lipids; (2) inhibition or absence of skeletal muscle TLR-4 reduces the capacity of lipids to induce insulin resistance in vitro and in vivo; (3) the NFκB pathway is a mediator of the detrimental effects of TLR-4 activation on insulin action in skeletal muscle; and (4) the weight gain, adiposity, liver weight and steatosis induced by a high-fat diet is reduced in TLR-4-deficient mice.
In previous studies [13] we demonstrated that the acute (6 h) exposure of L6 myotubes to palmitate induces insulin resistance, in agreement with numerous studies that have demonstrated the induction of insulin resistance in vitro and in vivo in response to a period of acute hyperlipidaemia [11, 13, 31, [39] [40] [41] . In the current study we demonstrate that inhibition or deletion of TLR-4 confers protection against the deleterious effects of lipids on skeletal muscle insulin sensitivity when L6 myotubes are exposed to saturated fatty acids in vitro and when mice are exposed to a lipid infusion in vivo. In vivo, the protective effects of TLR-4 deletion were not related to alterations in skeletal muscle inflammatory gene expression, total GLUT4 or IκBα levels. However, improvements in insulin sensitivity were associated with increased IRS-1-associated PI3-kinase activity and Akt phosphorylation. Our observations are in good agreement with the recent study of Shi et al. [17] , which also demonstrated a reduced capacity of lipids to induce insulin resistance in TLR-4 null mice compared with control mice. However, the Shi et al. study did not directly investigate the potential role of skeletal muscle TLR-4 in this phenotype, concentrating instead on adipose tissue TLR-4. In this respect our study strongly suggests a direct role for skeletal muscle TLR-4 in the induction of insulin resistance by lipids. Indeed, this hypothesis is supported by the apparent lack of effect of lipid infusions on plasma levels of adipose-derived factors that could indirectly alter skeletal muscle insulin sensitivity, such as IL-6, TNF-α, or resistin. It should also be noted that inhibition or the absence of TLR-4 was not sufficient to completely block the effects of lipids on skeletal muscle insulin action. This demonstrates that other mechanisms of lipid-induced insulin resistance operate in the absence of TLR-4 activity. In this regard there is strong evidence that intermediate lipid metabolites, such as diacylglycerol, ceramide and long chain acyl CoAs, mediate the detrimental effects of lipids on insulin action [39] [40] [41] [42] [43] [44] [45] [46] . Indeed, diacylglycerol, but not ceramide, is increased in L6 myotubes after a 6 h incubation with palmitate (data not shown). Furthermore, a role for TLR-2 has recently been implicated in lipidinduced insulin resistance in skeletal muscle [47] .
The NFκB pathway in skeletal muscle is activated by lipids in rodents [8] and humans [11] . Furthermore, lipidinduced skeletal muscle insulin resistance is decreased by inhibitors of the NFκB pathway [10, 12, 13] , while mice with a haplo-insufficiency of IKKβ [12] are protected Fig. 9 Insulin tolerance in lean and obese TLR-4 null and wild-type mice. Wild-type and TLR-4 null mice were fed a standard chow or high-fat diet for 21 weeks. Subsequently, all mice underwent insulin tolerance tests as described in Methods. Results are presented as the means±SE for a minimum of ten animals in each group against the effects of lipids on skeletal muscle insulin action. The NFκB pathway is a proximal target of TLR-4 activity, and saturated fatty acids activate TLR-4 in RAW 264.7 macrophages [27, 28] . Thus, one mechanism by which reduced TLR-4 function may protect against the effects of lipids on insulin action is to decrease or prevent activation of the NFκB pathway. The current study presents pharmacological and genetic evidence in support of this hypothesis. Thus, TLR-4 signalling is inhibited by blocking the association of the adaptor molecule TIRAP with the TLR receptor [37] . This was accomplished in the current study by use of a cell-permeable TIP [37] , which blocked the activation of NFκB by palmitate or LPS. Furthermore, the IKKβ inhibitor ASA (which therefore acts downstream of TLR-4) improved palmitate-induced insulin sensitivity and inhibited activation of the NFκB pathway (data not shown), demonstrating that lipid-induced activation of the NFκB pathway and insulin resistance are causally related, as reported by previous studies [12, 13] . Genetic evidence comes from our experiments in mice lacking TLR-4 [23, 48] . Thus, muscles isolated from TLR-4 null mice did not respond to palmitate, as assessed by the levels of IκBα, while skeletal muscle IκBα levels from animals expressing Tlr-4 were reduced after exposure to palmitate. It is presently unclear how activation of the NFκB pathway by lipids induces insulin resistance in skeletal muscle. It has been proposed that increased IKKβ activity can inhibit insulin-stimulated PI3-kinase activity, a hypothesis supported by the capacity of lipids to decrease, and salicylates to increase, insulin-stimulated PI3-kinase activity and Akt phosphorylation [12, 13] . In this respect, the capacity of insulin to stimulate PI3-kinase activity and Akt phosphorylation to a greater extent in lipid-infused TLR-4 null mice than in control mice would support this hypothesis. Others have proposed that increased expression of NFκB-dependent genes, such as Tnfa or Il6, may indirectly mediate the effects of lipids on insulin action. However, in the current study we did not observe increases in the expression of either of these genes in skeletal muscle in response to lipids.
There is a growing body of evidence in support of a role for activation of inflammatory pathways/the innate immune system in the development of insulin resistance in obesity. An obvious candidate mechanism for the initiating event leading to the activation of inflammatory pathways is dyslipidaemia. From this perspective the data in the current study and in others demonstrating activation of the NFκB pathway by acute hyperlipidaemia [8, 11, 13] support this hypothesis. In the current study the absence of TLR-4 conferred partial protection against the development of obesity and steatosis, but not insulin resistance, in response to a high-fat diet. The observations of decreased weight gain and adiposity are in good agreement with the study of Johnson et al. [38] , who report decreased body fat and weight gain with age in three strains of mice in which TLR-4 is absent. Importantly, these metabolic alterations were not due to differences in activity or the presence of bacteria, toxins or viruses [38] . Our observations on insulin action are in agreement with the study of Shi et al. [17] , which demonstrated increased insulin sensitivity on a high-fat diet in female, but not male, TLR-4 null mice (mice generated by the Akira group [49] ), and the study of Poggi et al. [50] in C3H/HeJ mice with a spontaneous mutation in the Tlr-4 gene [23] . Together, these studies make clear that caution should be used when discussing the potential role of TLR-4 in the development of insulin resistance in obesity (or type 2 diabetes). The metabolic profile of obesity is markedly more complicated then that of hyperlipidaemia alone. Alterations in tissue or circulating levels of acute phase reactants, interleukins and adipocytokines may all contribute, or indeed be primary, to the initiation and/or propagation of the inflammatory response and the development of insulin resistance in obesity. Clearly, this complex but vitally important area requires substantially more investigation.
